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A B S T R A C T

To investigate bay hydrodynamics and its impacts on the adjacent micro-tidal wetland sustainability, hourly measurements of wave, tidal current, and benthic
suspended sediment concentration in summer, winter, and spring of 2015–2016 were conducted in Fourleague Bay, Louisiana, USA. High-temporal resolution data
indicate that benthic suspended sediment resuspension had a dominant periodicity of 4.8-d, which was mainly caused by wind-driven waves. Sediment ﬂux reached
28 g·m−2·s−1 during events. Net sediment ﬂux direction is northwestward in summer, and southeastward in winter and spring. Potential depth-integrated sediment
ﬂux to surrounding wetland varied within 0–500 g·m−1·s−1. Seasonal variations of river discharge and wind direction (particularly speed > 3 m·s−1) dominated
potential sediment contribution from the bay to the surrounding wetland. Three sediment transport regimes were delineated: ‘bypassing’ season, resuspensionaccumulation season, and combined ‘bypassing’ and resuspension-accumulation season. This study couples bay hydrodynamics to the sediment transport processes
and sustainability of adjacent wetlands in a micro tidal environment. It sheds light on the understanding of natural feedback mechanisms and how estuarine-marsh
system survive high relative sea level rising scenario in micro tidal environment, which could aid in the design of future ecological engineering restoration strategies.

1. Introduction
Coastal zones are highly productive and dynamic areas with strong
interactions between natural and human social and economic systems.
Deltaic landscapes comprise about 1% of Earth's surface area, but
nourish 7% of the human population, which is growing rapidly (Dürr
et al., 2011; Giosan et al., 2014). Deltas are losing land due to global sea
level rise, local land subsidence, and anthropogenic reduction of sediment supply (e.g. damming, dredging, and farming). As a result, large
areas of delta worldwide are drowning or at risk of ﬂooding, including
but not limited to the Mississippi, Yellow, Indus, Danube, Ebro, and
Rhône deltas. This will negatively impact ecosystem services, massive
economic revenue, and human welfare (Gedan et al., 2009; Giosan
et al., 2014; Kirwan and Megonigal, 2013; Stanley, 1996; Syvitski et al.,
2009; Temmerman et al., 2013; Weston, 2014).
Coastal lowlands less than a meter above sea level are likely to be
inundated by the year 2100 (Giosan et al., 2014; Syvitski et al., 2009).
Maintenance and restoration strategies like river diversion, marsh
creation, and protective structures are being implemented to protect the
drowning deltas. For instance, a sophisticated and so far eﬀective ﬂoodcontrol system has been used to protect the Rhine delta by the
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Netherlands, and in the Mississippi delta, a 50-year and 50 billion US
dollar restoration plan is being implemented to help conserve the deltaic plain (Borsje et al., 2011; Day et al., 2016; Giosan et al., 2014;
LCPRA, 2012; Tessler et al., 2015; van Koningsveld and Mulder, 2004;
van Wesenbeeck et al., 2014). However, the eﬀectiveness and sustainability of these strategies in the long run are not clear, and their implementation in deltas like Mekong, Ganges-Brahmaputra and Irrawaddy in developing countries could be limited by the energy costs,
resources and capacity (Day et al., 2016; Giosan et al., 2014; Kirwan
et al., 2016a; Temmerman et al., 2013; Tessler et al., 2015). Ecological
engineering strategies that harness natural processes are needed to help
maintain deltaic landscapes in the long term. This requires the studies
of these natural processes, on which restoration projects must rely on
(Giosan et al., 2014; Mitsch and Jørgensen, 2004; Temmerman et al.,
2013). Case studies on hydrodynamics, sediment dynamics, morphodynamics and eco-dynamics for contrasting deltaic systems (e.g., climate, discharge and tides) will not only shed light on the understanding
of spatially-distributed responses of the estuarine-marsh systems
worldwide, but also provide knowledge for the future ecosystem-based
restoration strategies (French, 2006).
Ecological and geomorphological responses of coastal wetland
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1988; Perez et al., 2003; Wang, 1988; Wang et al., 1995; Wang et al.,
1994). Those studies show that the bay shifts between being near-riverine estuary and a near-marine lagoon, with the shift being controlled
by river discharge, wind directions, and asymmetrical tidal ﬂow. These
controlling factors also determine bay ﬂushing and water residence
time, SSC, and nutrient net ﬂux transport direction. In general, high
river discharge in spring maintains a near-riverine estuary, and low
discharge in fall results in a near-marine lagoon. Wind direction and
speed can modify the estuary status, especially during cold front passages. Perez et al. (2000) demonstrate that high discharge and cold
fronts increased the net export of water and sediments from FLB to the
northern Gulf of Mexico through the Oyster Bayou, with the highest SSC
of > 2 g·L−1 during energetic events. However, very few studies focused on local hydrodynamics, sediment transport in the bay, and their
relations with nearby wetland sustainability that is closely related to
SSC and spatiotemporal sediment transport (Ganju et al., 2015; Kirwan
et al., 2010; Kirwan and Megonigal, 2013; Kirwan and Temmerman,
2009; Weston, 2014). Identifying the sediment transport processes in
FLB can inform modeling and assessing the vulnerability of surrounding
micro tidal wetlands under high RSLR rate, which will provide
knowledge on the mechanisms of wetland sustainability in other deltaic
coasts.
This study focuses on the middle FLB (Fig. 1(b)), where is impacted
by both river ﬂow, wave activity and tidal current. The objectives of
this study are: (1) to identify the dominant hydrodynamic forces driving
sediment transport, such as the Atchafalaya River, wind-driven waves,
tides, or a combination of all three; (2) to quantify the sediment ﬂux
and its direction in the middle bay; (3) to explore the potential sediment contribution from both river and bay bed to nearby wetland. We
aim to elucidate how river discharge, hydrodynamics, and bay morphology and orientation impact sediment transport processes and sustainability of the estuarine-wetland system. Additionally, our study
sheds light on the design and implementation of future sediment diversion, marsh creation and other ecosystem-based coastal restoration
plans, as well as provides valuable information for worldwide coastal
sustainability assessment and modeling studies under fast sea level rise
scenarios in micro tidal environment.

systems to sea level change, sediment supply, and tidal activities have
been mostly explored in meso (tidal range 2-4 m) and macro (tidal
range > 4 m) tidal coastal environments, such as Chesapeake and
Delaware Bays in USA (Ganju et al., 2015; Kirwan et al., 2010; Kirwan
et al., 2016b; Morris et al., 2002), Scheldt Estuary in Belgium
(Temmerman et al., 2003), Sado Estuary in Portugal (Moreira, 1992),
and deltas including the Yangtze, Mekong, Fly, and Amazon
(Fagherazzi et al., 2012; French, 2006; Temmerman et al., 2004; Walsh
and Nittrouer, 2009). Unlike meso to macro tidal wetland environments
where tidal inundation provides water and sediments on a daily basis,
micro-tidal (tidal range < 2 m) deltaic wetlands barely survive the
current pressure of both natural and anthropogenic activities, e.g.
limited tidal inundation and ecological feedback, rapid relative sea
level rise, sediment supply reduced by dam construction (Blum and
Roberts, 2009; Day et al., 2016; Kirwan et al., 2016b; Walsh and
Nittrouer, 2009). In Mississippi delta, for example, model results show
that marshes deteriorate at an accelerating rate (Blum and Roberts,
2009; Kirwan et al., 2016b). However, discrepancies exist between
model predictions and long-term physical observations. Vertical accretion rates measured in Mississippi River (MR) deltaic plain indicate
that 65% of the wetlands could survive the current relative sea level rise
rates (RSLR) (Jankowski et al., 2017). Factors other than tides can
greatly aﬀect the wetland sustainability in the micro tidal environment,
e.g. river discharge, waves, cold fronts, storms, hurricanes, and ecosystem dynamics (Bevington et al., 2017; French et al., 2005; Roberts
et al., 2015; Smith et al., 2015; Turner et al., 2006). Thus, observations
on natural processes of the coastal estuarine-wetland system are urgently needed, which will ﬁll in the knowledge gap on how the estuarine-wetland ecosystem responds to the natural and anthropogenic
forces, improve the geomorphological model predictions, and provide
valuable information for the implementation of ecosystem-based restoration plan especially in the micro-tidal wetland environment.
This study explores the coupling of bay hydrodynamics to adjacent
wetlands under high RSLR conditions in the micro-tidal MR deltaic
coast. Our study site is at Fourleague Bay (FLB), where shorelines and
adjacent wetlands have been stable since 1937, compared with the
nearby land growth (Atchafalaya delta) and loss (Terrebonne Bay) areas
(Day et al., 2000; Jankowski et al., 2017; Twilley et al., 2016). Previous
studies of this area have focused on estuarine circulation, suspended
sediment concentration (SSC), and nutrient ﬂux at Oyster Bayou which
connects FLB to northern Gulf of Mexico (Fig. 1(b)) (Madden et al.,

Fig. 1. (a) Locations of Fourleague Bay, USGS
07381490 Atchafalaya River at Simmesport, LA, and
AMRL1-8764227-LAWMA, Amerada Pass, LA,
National Oceanic and Atmospheric Administration's
National Data Buoy Center; (b) locations of the study
stations in Fourleague Bay: tripod station T1 (yellow
triangle) and surface water sample sites (FLB:
Fourleague Bay; FLM: Fourleague Bay Marsh) from
this study. Locations of stations at Oyster Bayou:
stations 14 and 16 after Wang et al. (1995), and
platform from Perez et al. (2000); (c) The GPS elevation survey area around FLM03. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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2. Study site and methods

Karimpour and Chen (2017), and wave attenuation with depth was
corrected before performing the spectral analysis. ADV current data
were de-spiked before analyzing currents (Goring and Nikora, 2002;
Wahl, 2002). Currents were rotated to the dominant direction of the
tidal ﬂow to generate ebb/ﬂood currents in the 3-D coordinate (ebb
current is positive, and ﬂood current is negative). The wave-current
combined shear velocity U⁎ near the bay ﬂoor was calculated using the
Turbulent Kinetic Energy (TKE) method Eqs. (1)–(3) (Kim et al., 2000;
Soulsby and Dyer, 1981). In Eq. (1), ρ is the water density; ‹u′2›, ‹v′2›,
and ‹w′2› are the mean square of the velocity ﬂuctuations; Eq. (2), τ is
the bed shear stress, and C = 0.2, which is a proportionality constant.
The wave induced shear velocity U⁎w was calculated with the toolbox
developed by Wiberg and Sherwood (2008), and the toolbox calculates
wave-generated bottom orbital velocities from wave parameters (e.g.
wave height, wave period) at both shallow water and deep water environment.

2.1. Study site
FLB is a shallow (1 to 3 m in depth) well mixed estuary (Perez et al.,
2003), 11 km southeast of the Atchafalaya River mouth. The ﬂow down
the Atchafalaya River is regulated via the Old River Control Structure,
which was built by the U.S. Army Corps of Engineers in the 1950s. The
control structure limits the Atchafalaya River to 30% of the combined
ﬂow of the Mississippi and Red Rivers; ~70% of this combined ﬂow
exits the Atchafalaya River into eastern Atchafalaya Bay, with the remainder passing through the Wax Lake Outlet to the western part of the
Atchafalaya Bay (Mossa, 1996).
Surrounded by fresh, brackish, and Spartina alterniﬂora saline marshes, FLB can be divided into two parts (Madden et al., 1988; Perez
et al., 2000). The upper bay extends from northwest to southeast, where
the Atchafalaya River ﬂows in through a 2.5 km wide opening. The
lower bay has a north-south orientation, and connects to the northern
Gulf of Mexico directly via the bay terminus inlet-Oyster Bayou
(Fig. 1(b)), which has an average depth of 5.5 m, and a maximum depth
around 10 m.
The hydrodynamics in FLB are complex, inﬂuenced by river discharge, tides, and meteorological events (e.g. cold fronts, tropical
storms) (Kenneth et al., 1988; Perez et al., 2000). It was reported that
on average < 5% of the Atchafalaya River discharge ﬂows into the bay
(Lane et al., 2010). Tides are mainly diurnal, with a semidiurnal component, ranging from 30 to 48 cm in tidal ranges. Cold fronts are a
pervasive regional weather pattern from October to April, with a period
of 3–8 days (Chuang and Wiseman, 1983; Feng and Li, 2010; Moeller
et al., 1993). The current linear mean relative sea level rising rate
around Amerada Pass station is around 1.5 cm·yr−1, which is calculated
from tidal gauge data at station AMRL1–8764227- LAWMA, Amerada
Pass, LA, archived in National Data Buoy Center of the U.S. National
Oceanic and Atmospheric Administration (NOAA). Vertical accretion
rates and analysis of maps and satellite images show that the bay is
relatively stable, with no signiﬁcant shoreline retreat or progradation
during 1937–2010 (Day et al., 2000; Jankowski et al., 2017; Twilley
et al., 2016).

1
ρ[ 〈u′ 2〉 + 〈v ′ 2〉 + 〈w′ 2〉 ]0.5
2

E=

(2)

τ = CE
τ=

(1)

ρU∗2

(3)

OBS counts data were calibrated for absolute suspended sediment
concentration in a mixing chamber, using in situ bay bed sediments
collected at T1 station (Fig. S1). Spectrum analysis from Wave Analysis
for Fatigue and Oceanography (WAFO) toolbox was used to calculate
the periodicities of the benthic suspended sediment concentration, wind
speed and wave heights (Brodtkorb et al., 2000). Sediment concentration (Cz) in water was computed from Eqs. (4)–(5): Ca is the known
concentration at height a above bed, and Cz is the concentration to be
determined at height z above bed; ps is the Rouse number; ws is the
settling velocity (values were adjusted to match the surface suspended
sediment concentration (SSC) and calibrated bottom OBS sediment
concentration:
0.11 cm·s−1
(summer);
0.43 cm·s−1
(winter);
0.49 cm·s−1 (spring)); κ is von Karman's constant (0.41, dimensionless);
U* is shear velocity, and z0 is the roughness height. Mean velocity (U)
proﬁle was calculated from the law of the wall (Eq. (6)). Sediment ﬂux
F is obtained from Eq. (7). Depth-integrated sediment ﬂux Qs is derived
from Eq. (8).

2.2. Data collection

a Ps
C z = Ca ⎛ ⎞
⎝z⎠

Atchafalaya River discharge data were obtained from the U.S.
Geological Survey (USGS) water-level sensor station at USGS 07381490
Atchafalaya River, Simmesport, Louisiana (LA), USA, which is 194 km
upstream of our tripod deployment station (Fig. 1(a)). Hourly wind data
11 m above ground at station AMRL1-8764227-LAWMA, Amerada Pass,
LA, located 23 km northwest of the tripod station, were downloaded
from the National Data Buoy Center of NOAA (Fig. 1 (a)). One instrumented tripod at T1 was deployed in the middle bay during three
seasons from May 2015 to March 2016, to study the hydrodynamics and
sediment dynamics near the bay ﬂoor (Fig. 1(b)). Three sensors, including Optical Backscatter Sensor (OBS) 3A made by Campbell Scientiﬁc, Acoustic Doppler Velocimeter (ADV) Ocean from Sontek, and
one pressure wave gauge manufactured by Ocean Sensor Systems, Inc.,
were mounted at T1 station in summer of 2015, winter of 2015, and
spring of 2016. Table 1 shows all of the sensors and sampling parameters for the three observational periods. A diﬀerential GNSS (Global
Navigation Satellite System) receiver (Trimble R10) was used to collect
GPS points at an averaged interval of 35 cm along the transect direction
around FLM03 in May 2016 (Fig. 1(c)). Four out of ten surveyed elevation transects were used, and the cross-transect interval is 17 m
(Fig. 1 (c)).

Ps =

Ws
κU∗

U (z ) =

(5)

U∗
z
ln
κ
z0

∫0

h

(6)
(7)

Fz = UzCz

Qs =

(4)

Uz Czdz

(8)

3. Results and discussion
3.1. Seasonal observation results
The seasonal change of river discharge was captured during the
three observations. The river discharge kept a steady level between 0.9
and 1.0 × 104 m3·s−1 during the summer observation month (Fig.
S2(a)). In the winter observation, it increased from a low level around
1 × 104 m3·s−1 at the ﬁrst half month (15 December 2015 to 3 January
2016) to a high level of 1.4 × 104 m3·s−1 after 1 March 2016 (Fig.
S3(a)). The discharge dropped slowly from 1.6 × 104 to
0.9 × 104 m3·s−1 during 25 January to 15 March 2016, and kept steady
around 0.9 × 104 m3·s−1 after 14 February 2016 (Fig. 2(a)). However,
even the lowest discharge level was higher than the 6-year (2009 to

2.3. Data analysis methods
Wave data were analyzed using the toolbox developed by
70

Marine Geology 405 (2018) 68–76

J. Wang et al.

Table 1
Sampling parameters and observational seasons at tripod station T1 (cmab1: cm above bed).
Sensor

Sample rate
(burst duration/burst interval)

Distance above bed (cmab1)

Observational periods (YYYY.MM.DD)

OBS 3A

1 Hz (60 s/60 min)

25 cmab

Wave gauge

1 Hz (60 s/20 min)
10 Hz (1200 s/60 min)

25 cmab

28
15
25
28
15
25
28
15
25

ADV Ocean

1 Hz (1024 s/60 min)
8 Hz (75 s/60 min)

45 cmab

May to 7 July 2015 (summer)
December 2015 to 21 January 2016 (winter)
January to 15 March 2016 (spring)
May to 7 July 2015 (summer)
December 2015 to 1 January 2016 (winter)
January to 15 March 2016 (spring)
May to 7 July 2015 (summer)
December 2015 to 21 January 2016 (winter)
January to 15 March 2016 (spring)

3.2. Wave-dominant sediment resuspension

2015) daily mean discharge level during the observation months.
Meteorological records displayed seasonal patterns. During the
summer observation, there were two wind conditions, including scattered northeasterly to northwesterly winds with speed < 3 m·s−1, and
southeasterly to southwesterly winds with speed around or higher than
3 m·s−1 (Fig. S2(b)). Diﬀerent from the summer wind condition, the
northeasterly to northwesterly wind was pervasive with higher speed in
the winter observation, while the southeasterly-southerly wind only
lasted for about one week (22–29 December 2015) with speed around
3 m·s−1 (Fig. S3(b)). In the early spring observation moth, southwesterly-southeasterly and northwesterly-northeasterly winds blew alternately, and the wind speeds were higher than those in the summer
(Fig. 2(b)).
High wind speed normally resulted in high wave height in the bay,
which varied from 0 to 0.6 m (Figs. 2 and S2–3(b–c)). Mixed-type tides
were dominant in the bay, with both semi-diurnal and diurnal tides.
Flow asymmetry was developed with strong ebb currents (Figs. 2 and
S2–3(d)).
The salinity in the bay was controlled by the seasonal hydrological
condition (Figs. 2 and S2–3(e)). Salt water intrusion occurred with
pervasive southerly-southeasterly wind, when the river discharge kept a
constant level < 1 × 104 m3·s−1. River discharge higher than
1 × 104 m3·s−1 or pervasive northeasterly-northwesterly wind decreased the salinity in the bay.
The benthic suspended sediment concentration (SSC) ﬂuctuated
with wave height and current velocity (Figs. 2 and S2–3(f)). However,
the SSC baseline slightly changed in concert with river discharge. It
increased from 0.225 to 0.350 g·L−1 and from 0.225 to 0.500 g·L−1 in
the summer and winter, respectively, and decreased from 0.500 to
0.225 g·L−1 in the spring.

Observational data from spring 2016 (Fig. 2) were used for spectral
analysis. The spectral density analysis of SSC, wind speeds, and wave
heights indicate that sediment resuspension, wind speeds and wave
activities had the same dominant periodicity of 4.8 days (Fig. 3(a–b)).
The SSC had other two periodicities of 44-h and 26-h, which were
probably related to the 22-h wave-wind periodicity and the diurnal tide
activity, respectively. Wave-induced bottom shear velocity dominates
the wave-current combined shear velocity: strong wave activity caused
dramatic increase of the bottom shear velocity, which drove benthic
sediment resuspension (Fig. 3(c-d)). The dominant 4.8-d periodicity of
SSC, wind speeds, and wave heights, and the related bottom shear velocity variation reveal that wind driven waves are the primary force
causing benthic sediment resuspension, stronger than the micro-tidal
currents. The 4.8-d periodicity was probably associated with cold front
periodicity (3–7 days) (Chuang and Wiseman, 1983; Feng and Li, 2010;
Moeller et al., 1993), because dramatic wind direction shifts were observed during the spring observation from 25 January to 15 March
2016 (Fig. 2(b)). One explanation for the 44-h periodicity of SSC is that
the 22-h wind driven waves mobilize benthic sediments, and then resuspend the mobilized sediments during the subsequent period. However, the 44-h periodicity of SCC might be also related to the combination work of both wave and tidal current disturbances.
Relations among SSC and river discharge, wave height, and current
speed were further examined with cross correlation analysis
(Fig. 4(a)–(d)). Poor correlation existed between river discharge and
SSC in short time scale (e.g. hour, day) (Fig. 4(a)). Largest coeﬃcient
was at positive lag, indicating SSC changed earlier than the river discharge. The cross coeﬃcient between wave height and SSC had the
highest positive value at the lag of 0 and 5 days, respectively (Fig. 4(b)).
Wave activity was likely to lead to the ﬂuctuation of benthic SSC simultaneously, and this relation tended to have a period of 5-day, which
Fig. 2. Time series results for spring observation,
2016: (a) river discharge at USGS station Simmesport
LA (daily mean is from 2009 to 2015); (b) wind
speed and direction at Amerada Pass, LA; (c) wave
height (calculated from wave gauge (black) and ADV
Ocean (grey)); (d) current velocity (positive ebb
current and negative ﬂood current); (e) salinity; (f)
benthic suspended sediment concentration (grey
lines
are
the
upper
and
lower
limits
(0.225–1.225 g·L−1)).
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Fig. 3. Data analysis for spring observation from 25 January to 15 March 2016: (a) spectrum density of SSC (red line); (b) spectral density of wind speeds (blue line)
and wave heights (magenta dash line); (c) zero moment wave heights at T1 station (magenta line); (d) wave and current combined bottom shear velocities (blue line)
and wave inducing bottom shear velocities (magenta dot). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)

station, and it corresponds to the NAVD88 elevation 0.35 m (Couvillion
and Beck, 2013). The elevation of transects from marsh edge to inland
center was around 0.38 m, which was close to the MWL elevation, except at a small beach ‘berm’ (Figs. 1(c), 5(a)). Sediment ﬂux at T1
station was given in Fig. 5(b)–(d). Wave-induced resuspended sediment
concentration near bay ﬂoor reached as high as 3.0 g·L−1. The suspended sediment ﬂux exceeded 28 g·m−2·s−1, when the near bed shear
velocity was larger than 2 cm·s−1. Time cumulative sediment ﬂux was
calculated with the entire depth-integrated ﬂux. It displayed northwestward net transport during the summer 2015 deployment
(Fig. 5(e)). Both winter and spring deployments showed southeastward
net transport (Fig. 5(f–g)). Due to the complex shoreline orientations of
the upper and lower bay, all these net ﬂux transport directions can
contribute sediments to the surrounding wetlands. However, southward

was consistent with spectral analysis result. Similar coeﬃcient pattern
existed between current speed and SSC (Fig. 4(c)). Cross correlation
between wave height and current speed also had the highest coeﬃcient
at zero lag, indicating the signiﬁcant impact of wave activity on near
bed current speed in shallow water (Fig. 4(d)).
3.3. Potential sediment ﬂux from bay to adjacent wetland
Hydroperiod of wetland inundation is another important control
factor on the sediment contribution from bay to nearby wetlands, along
with resuspension of sediment from bay ﬂoor. The North American
Vertical Datum of 1988 (NAVD 88) elevation of the marsh near T1
station was measured (Fig. 1(c)). A mean water level (MWL) of 1.74 m
was calculated from the three observation pressure data sets at T1

Fig. 4. Cross correlation result for spring observation
25 January to 15 March 2016: (a) river discharge vs
SSC; (b) wave height vs SSC; (c) current speed vs
SSC; (d) wave height vs current speed. Red dashed
lines locate the 95% interval; negative lag indicates
hydrodynamic parameters (e.g. wave height) lag SSC
a few days later. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)
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Fig. 5. (a) MWL elevation and four marsh elevation transactions (NAVD88) from marsh edge (left) to inland (right) (T1–T4 are transection lines of GPS elevation
shown in Fig. 1(c)). Log-scale sediment ﬂux, water level (magenta line), and MWL elevation (black dash line) at station T1: (b) summer deployment; (c) winter
deployment; (d) spring deployment. Time cumulative sediment ﬂux for entire water column at tripod station T1 (positive northward net transport in blue, and
eastward net transport in red): (e) summer deployment; (f) winter deployment; (g) spring deployment. The estimated potential sediment ﬂux (blue line) integrated
with residual water depth (magenta dash-dot line) for surrounding wetland during high water level: (h) summer deployment; (i) winter deployment (NO DATA was
recorded after 1 January 2016, because wave gauge battery died); (j) spring deployment. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

for the bay system. Additionally, higher SSC in the river during the
rising limbs of ﬂood events may also greatly increase the background
SSC in the bay (Snedden et al., 2007).
The seasonal relationship between river discharge and wind direction is a critical factor on evaluating and quantifying possible sediment
transport from bay to the surrounding wetlands. To better quantify the
yearly status and strength of meteorological forcing in FLB area, wind
speed of 3 m·s−1 was chosen as an approximate threshold of eﬀective
wind condition for benthic sediment resuspension. Because this wind
speed generally corresponded to a 0.25 m wave height, which induced a
shear velocity of 1 cm·s−1 and caused the benthic sediment to resuspend in FLB (Fig. S5). In general, river discharge is low in the fall
and winter (August to early February), and high in spring and early
summer, when snow melting occurs and precipitation is high in the
Mississippi basin (late February through early July). Compared with the
6-year daily mean river discharge from 2009 to 2015, the daily data for
2015 and 2016 demonstrate that high river discharge season in 2015
lasted until September, and an abnormal high discharge season existed
from December 2015 to middle February 2016 (Fig. 6(a)). The monthly
percentages of southwesterly-southeasterly and northwesterly-northeasterly winds (> 3 m·s−1) for the last 8 years (2008–2015) clearly
show that strong southwesterly-southeasterly winds are pervasive when
river discharge is high in general; low river discharge season and strong
northwesterly-northeasterly winds usually accompany with each other
(Fig. 6). The seasonal relationship between pervasive strong southwesterly-southeasterly winds and high river discharge in normal climate condition could favor the impact of river on the inundation of the
surrounding wetlands and sediment deposition on the wetlands, as well
as increase the particle residence time in water (Lane et al., 2010; Perez
et al., 2000; Roberts et al., 2015).
Although the impact of the bay on wetland's sustainability is constrained by both water level and resuspension, the hydrodynamic environment in FLB has frequent wave activity (e.g. 4.8-day periodicity)
and seasonal relationship between river discharge and wind condition,
which makes the regime of conditions are normal in a seasonal scale or
even longer time scale. The observational data clearly explain why and
how the wetlands surrounding FLB have remained stable, and kept pace
with the current high RSLR rate. Wetland sustainability around FLB is
closely related to the seasonal relationship between river discharge and
wind directions (> 3 m·s−1), and the sediment resuspension process

net transport also leads to the export of sediment to the Gulf Mexico via
Oyster bayou.
The hourly mean water levels were higher than the MWL during
most of the observational time, which were high enough to inundate
the surrounding wetlands regardless of ﬂow/current direction, and
potentially facilitated sediment deposition on wetland surface. Because
station T1 is about 1 km from nearby shoreline, we assume that there is
relatively little diﬀerence in water levels and SSC from T1 to the nearby
wetlands. With this assumption, potential sediment ﬂux to the surrounding wetlands during high water level was calculated, and it was
integrated with the residual water depth higher than the MWL (Fig. 5(hj)). Our results show that the potential depth-integrated sediment ﬂux
to adjacent wetland reached as high as 500 g·m−1·s−1, when resuspension happened during high water level (Fig. 5(h–j)). Thus, resuspended sediments can be potentially transported from the bay to the
surrounding wetlands when they are ﬂooded (especially during winddriven high water level periods), as well as exported to the northern
Gulf of Mexico. High water level and sediment resuspension are critical
for the sediment supply from the bay to the surrounding wetlands.
3.4. Three sediment transport regimes
The river has great seasonal contribution on water level regarding
wetland sustainability in the bay-wetland system. River ﬂow can surpass the inﬂuence of tides on salinity, and bring fresh water and sediments to the lower bay during high discharge season, especially when
there are strong northwesterly-northeasterly winds (even river discharge drops below 1 × 104 m3·s−1) (Figs. 2 and S3). Together with
winds, river discharge could facilitate ﬂooding or inundation over the
nearby wetlands, which is important to the wetland sustainability in
this micro-tidal environment. FLB is generally a sediment bypass zone,
and the river impacts its background SSC. SSC data collected at the
water surface along middle bay (FLB1-FLB5, Fig. 1(b)) did not vary
much from the northern opening to the southern Oyster Bayou under
fair weather, but increased with river discharge (Fig. S4). SSC baseline
observed near the bay bottom also changed in line with river discharge
(Fig. 2-S2–3). 7Be activity in sediment cores collected in the bay had
limited riverine sediments deposited on the bay bed (Restreppo et al.,
2016). Although river only inﬂuenced the background SSC slightly
during the observation periods, it is still a key external sediment source
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Fig. 6. (a) Daily mean discharge of
Atchafalaya River for 2009–2015 (blue dashed line), and daily discharge for 2015
(light orange) and 2016 (light green) at
Simmesport, LA, respectively. Monthly
percentage of wind > 3 m·s−1 for 8 years:
(b) southwesterly-southeasterly winds; (c)
northwesterly-northeasterly winds. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to
the web version of this article.)

Fig. 7. Three sediment transport regimes in
Fourleague Bay system: (a–b) ‘Bypassing’ season:
low river discharge and pervasive northwesterlynortheasterly winds; (c–d) Resuspension-accumulation season: high river discharge and pervasive
southwesterly-southeasterly winds; (e-f) Combined
‘bypassing’ and resuspension-accumulation season:
high river discharge and pervasive northwesterlynortheasterly winds. (a), (c), and (e) are in a plain
view; (b), (d) and (f) are in a vertical proﬁle view of
transect a-a’.

sediments could still be transported to adjacent wetland during high
water level, and the bay system is supposed to have a combined ‘bypassing’ and resuspension-accumulation season in the ‘abnormal’
winter season (e.g. winter in 2015) (Figs. 5(d) and 7(e)–(f)).

caused by wave activity. In general, during fall and winter, river sediment supply is limited due to low river discharge. Moreover, pervasive
northwesterly-northeasterly winds could drain water out of bay and
into the northern Gulf of Mexico, as well as decrease the water level
(Perez et al., 2000), which might intensify the sediment bypass eﬀect.
Even though there is a large amount of sediments in the bay, sediments
delivered to the nearby wetlands are probably limited in these seasons,
due to the shallow inundation depth and short ﬂood time (Perez et al.,
2000). The bay and its surrounding wetlands will be under a ‘bypassing’
status in fall and winter (Fig. 7(a)–(b)). During spring and summer, high
river discharge brings a bulk of riverine sediments. Strong southwesterly-southeasterly winds and tidal currents could retard the water
ﬂowing out of the bay, which would raise water level and counteract
the bypass eﬀect (Wang et al., 1995). Part of sediments delivered by the
river and resuspended by wind-driven waves could be transported to
the surrounding wetlands with the rising water level, and the baywetland system is in a resuspension-accumulation season (e.g. summer
in 2015 and spring in 2016) (Figs. 5(d) and 7(c)–(d)). However, unusually high discharge is possible to happen in winter season, when low
discharge normally exists. Although the pervasive northwesterlynortheasterly winds could push water out to the northern Gulf of
Mexico, the high river discharge still raises water level and ﬂoods the
nearby wetlands (Fig. 5(b)). Riverine and resuspended benthic

3.5. Implications and future work
Coastal wetland sustainability worldwide is threatened by the accelerating RSLR and anthropogenic activities. Ecosystem-based engineering approaches are likely the most feasible long-term strategies to
restore the deltaic coast, and maintain the sustainability of low wetlands, which need intensive ﬁeld observations. Our results reveal the
signiﬁcance of bay hydrodynamics to the sustainability of adjacent
wetlands in micro tidal environment. Winds and river together can
increase the inundation depth in a micro-tidal bay-marsh system. Winddriven waves resuspend benthic sediments frequently in the bay, and
provide sediments from bay to the nearby wetlands during ﬂoods. This
is a key feedback mechanism for the micro-tidal estuarine-marsh systems to possibly survive high relative sea level rising scenario in long
term, which needs to be considered in future modeling of micro-tidal
marsh vulnerability. Apart from hydrodynamic factors, the natural
conﬁguration and orientation of the FLB and its distance to the
Atchafalaya River mouth may also be factors favoring the wetland's
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sustainability under high RSLR. Thus, FLB may be used as an analog in
the design and implementation of future sediment diversions and marsh
restoration projects. In addition, more attention should be paid on the
nourishing eﬀect of ﬁne sediment on wetlands which are distal to
subaerial delta. Even though potential total sediment ﬂux to the adjacent wetlands was quantiﬁed in this study, the amount of sediments
deposited on wetlands is controlled by multiple factors including vertical accretion, marsh-edge erosion, vegetation communities and biomass productivity. Future ﬁeld observations are needed to quantify the
sediment budget deposited on marshlands under the impacts of these
factors, and also sediment exchange between bay and marsh (e.g. marsh
erosion).
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